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Infection with Neospora caninum is the leading cause of abortion in cattle. In cows 25 
naturally infected with N. caninum, plasma concentrations of pregnancy-associated 26 
glycoproteins (PAG) 1 and 2 indicate fetal-placental well-being, whereas an excess of 27 
progesterone in the second trimester of gestation has been related to high abortion rate. 28 
The immunosuppressive action of progesterone on the uterus during gestation has been 29 
attributed in part to the uterine serpins (SERPINA14). This study examines expression 30 
patterns of the genes SERPINA14, PAG1, and PAG2 at the fetal-maternal interface in 31 
dairy heifers experimentally infected with N. caninum during the second trimester of 32 
pregnancy, when most abortions takes place in natural conditions. Irrespective of 33 
infection, expression of SERPINA14 was higher, and expression of PAG1 and PAG2 34 
lower, for intercaruncular endometrium than for caruncles or cotyledons. Cotyledonary 35 
tissues showed the highest expression of both PAG genes but lowest expression of 36 
SERPINA14. The expression of SERPINA14 was significantly higher in intercaruncular 37 
endometrium of control dams than for infected animals, pointing to potential disruption 38 
of modulation of maternal immune function during infection. Dramatically reduced 39 
SERPINA14 was particularly apparent in infected dams with aborted fetuses. There was 40 
also a negative association between N. caninum antibody titers with SERPINA14 and 41 
PAG expression in infected animals, further suggesting that N. caninum infection 42 
downregulates the uterine immunosuppressive function of SERPINA14. 43 
 44 
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Neospora caninum is considered a main cause of abortion in cattle worldwide [1–4]. 49 
Neospora-seropositive cows carry a 12 to 19 times greater risk of abortion than 50 
seronegative cows; the incidence of abortion ranges from 30% to 44% in seropositive 51 
animals [5,6]. Further, the risk of repeat abortion persists in seropositive cows [7]. The 52 
major route of N. caninum infection in dairy herds is transplacental, meaning that the 53 
parasite passes from dams to their fetuses during pregnancy [8,9]. Maternal immunity, 54 
host susceptibility, parasite strain diversity, and the stage of fetal development at which 55 
infection is acquired have all been related to transplacental infection and abortion [10–56 
12]. Parasites may provoke lesions in the placenta that are severe enough to cause fetal 57 
death and pregnancy termination [3,4]. Among several cell-mediated immunity 58 
mechanisms, those induced by T helper 1 cells (Th1) have been described as the most 59 
important for reducing parasite multiplication in the host [2,12]. However, Th1 activity, 60 
although effective in nonpregnant animals, could play a role in the pathogenesis of fetal 61 
rejection during gestation [13].  62 
 63 
Pregnancy-associated glycoproteins (PAGs) are a multigene family related to aspartic 64 
proteinases that are expressed in the placenta of artiodactyls. Ruminant PAGs are 65 
classified into two main groups: one of ancient origin (the PAG-II subgroup, including 66 
PAG2, PAG8, PAG10, PAG11, PAG12, PAG12, and PAG22), largely occurring at the 67 
placental fetal-maternal interface, and one produced by a more recent series of gene 68 
duplications (the PAG-I subgroup, including PAG1, PAG3, PAG15, PAG17, and 69 
PAG21), expressed primarily in trophoblast binucleate cells [14,15]. Plasma PAG-I 70 
concentrations are unaffected by chronic N. caninum infection in dams although PAG-I 71 
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and PAG-II concentrations in aborting animals are useful indicators of fetal-placental 72 
distress [16–18]. 73 
 74 
In high-producing dairy cows, Neospora infection affects endocrine patterns during 75 
gestation such that Neospora seropositivity has been associated with higher plasma 76 
progesterone (P4) concentrations [19]. Progesterone, a key pregnancy hormone, 77 
participates in the natural immunomodulation of gestation, reducing the Th1 response to 78 
induce maternal immunologic tolerance to the fetus [20,21]. However, excess P4 in the 79 
second trimester of gestation leads to a higher abortion rate in cows chronically infected 80 
with N. caninum [22]. Thus, a threshold Th1 immune response such as gamma 81 
interferon production seems necessary to confer protection against abortion [23]. The 82 
maternal immune system can therefore tolerate the presence of paternal alloantigens 83 
without affecting antiinfection mechanisms during gestation. The uterine 84 
immunosuppressive actions of P4 have been attributed in part to uterine serpins [24]. 85 
These basic glycoproteins are members of the serpin superfamily of serine peptidase 86 
inhibitors. One such member, SERPINA14 [25], is expressed in response to P4 in the 87 
endometrium. According to its uterine expression and loss of proteinase inhibitory 88 
activity, a new function in establishing and maintaining pregnancy in ruminants has 89 
been suggested [26]. SERPINA14 inhibits lymphocyte function in vitro [27] and 90 
selectively interacts with other uterine proteins, such as PAGs [28], uteroferrin [29], 91 
IgM and IgA [30], and activin [31]. SERPINA14 is not only secreted by the 92 
endometrium of the pregnant ruminant it is also present in fetal fluids (allantoic and 93 




The present study is one of a series of investigations performed in pregnant dairy heifers 96 
experimentally infected with N. caninum. The objective was to examine expression of 97 
SERPINA14, PAG1, and PAG2 genes at the fetalmaternal interface in the second 98 
trimester of gestation of infected animals. This stage of pregnancy was selected as the 99 
time when most abortions occur in field conditions. Also assessed were possible 100 
interrelations between expression patterns of SERPINA14 and PAG with plasma N. 101 
caninum antibodies and plasma concentrations of PAG-I and PAG-II in the infected 102 
dams. 103 
 104 
2. Material and methods 105 
 106 
2.1. Animals and infection 107 
 108 
A full description of the parasite inocula used and the characteristics of the 109 
experimentally infected heifers is provided by Almeria et al. (unpublished data, 2015). 110 
Briefly, ten 14 to 16-month-old Holstein-Friesian heifers that were seronegative against 111 
N. caninum (CIVTEST, Spain) were synchronized and artificially inseminated. 112 
Seronegativity against the parasite was assessed before artificial insemination and on 113 
Days 60 and 90 of gestation. Heifers were previously vaccinated (6–8 months of age) 114 
against bovine viral diarrhea virus and infectious bovine rhinotracheitis virus. 115 
Pregnancy was assessed by ultrasound at 30, 45, 90, and 110 days after insemination. 116 
On Day 110 of gestation, six of the heifers were intravenously inoculated with 107 117 
culture-derived tachyzoites of the N. caninum isolate Nc-Spain7, kindly donated by Dr. 118 
L.M. Ortega-Mora (SALUVET, Universidad Complutense, Madrid, Spain). These six 119 
animals were euthanized on Day 152 of gestation. The four remaining heifers remained 120 
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as uninoculated controls and euthanized at the same time as inoculated dams. After Day 121 
110, heifers were visually inspected daily for possible abortion until their sacrifice. 122 
 123 
2.2. Sample collection 124 
 125 
Blood samples for antibody and placental protein determinations were collected from 126 
each heifer by tail vein puncture into heparinized vacuum tubes (BD Vacutainer, 127 
Becton-Dickinson and Company, Plymouth, UK) on Day 152 of gestation. Plasma 128 
obtained by centrifugation within 30 minutes of sampling was stored at -20 °C until 129 
analysis.  130 
 131 
On Day 152 of gestation (6 weeks after infection), all animals were sedated with 132 
xylazine hydrochloride (Rompun; Bayer) and euthanized by an intravenous overdose of 133 
embutramide and mebezonio iodide (T61; Intervet). Immediately after death, heifers 134 
were necropsied. Amniotic and allantoic fluids were collected before the placenta was 135 
opened, and fetuses separated from the placenta. Fetal blood samples were obtained by 136 
cardiac puncture. Samples of nine selected placentomes (three cranial, three medial, and 137 
three caudal) were removed from each dam. Both the maternal side of the placenta 138 
(caruncle) and its corresponding fetal side (cotyledon) were carefully separated 139 
manually from each placentome. Intercaruncular tissue was also collected. Tissues 140 
collected from fetuses were CNS (brain and spinal cord), heart, lung, liver, skeletal 141 
muscle, spleen, and thymus. 142 
 143 




All procedures were approved by the Ethics Committees on Animal Experimentation of 146 
the Autonomous University of Barcelona (license number CEEAH.1426-08/02/2012) 147 
and University of Lleida (license number CEEA.06-01/12). Animals were handled in 148 
strict accordance with good animal practices and the conditions defined by the Animal 149 
Ethics Committee of the Autonomous University of Barcelona and CReSA, Spain. 150 
Every effort was made to minimize suffering. 151 
 152 
2.4. Sample analyses 153 
 154 
2.4.1. Plasma antibodies against Neospora caninum  155 
 156 
Plasma samples collected from the dams and fetuses were tested for anti-Neospora 157 
caninum antibodies using a commercial ELISA kit based on the whole tachyzoite lysate 158 
of Neospora NC-1, according to the manufacturers’ instructions (CIVTEST® anti-159 
Neospora; Hipra, Girona, Spain).  The cut-off used for a positive test result was an 160 
value of 6.0 absorbance units, as previously established [6]. Fetal fluids were analyzed 161 
using the same technique on undiluted samples. 162 
 163 
2.4.2. Polymerase chain reaction (PCR)-based diagnosis of Neospora caninum 164 
 165 
Portions of placenta and fetal tissues were aseptically obtained and stored in liquid 166 
nitrogen at -196ºC until DNA extraction. At least 0.5–1 g of each tissue were 167 
homogenized with a pestle and mortar in liquid nitrogen and DNA extracted as 168 




2.4.3. PAG-1 and PAG-2 determination  171 
 172 
Pregnancy-associated glycoprotein 1 concentrations were determined in plasma using a 173 
double antibody radioimmunoassay procedure (RIA-706) [35]. As the primary antibody, 174 
rabbit polyclonal antiserum AS#706 raised against caprine PAG55 kDa+62 kDa (accession 175 
numbers P80935 and P80933) was used [36]. The minimum detection limit for the RIA 176 
procedure was 1.2 ng/mL. Intra- and inter-assay coefficients of variation were 5.3% and 177 
6%, respectively. 178 
 179 
The bovine PAG-II RIA procedure used has been recently described [16,37]. Briefly, 180 
PAG-2 was purified according to the method detailed by Beckers et al. [38]. The 181 
primary antibody was rabbit polyclonal antiserum against boPAG-2 (AS#438) raised 182 
according to the method of Vaitukaitis [36]. Owing to the instability of the boPAG-2 183 
molecule, boPAG-1 (67 kDa) was used as a standard (dilutions ranging from 100 to 0.2 184 
ng/mL) and for iodination with the 125-I isotope [39]. The initial dilution for primary 185 
AS#438 was 1:2500. The minimal detection limit calculated for RIA-438 was 2.3 186 
ng/mL. Intra- and inter-assay coefficients were 4.6% and 4.8%, respectively. 187 
 188 
2.4.4. RNA extraction and gene expression 189 
Intercaruncular and placental tissue samples were kept frozen in liquid nitrogen, 190 
homogenized in a mortar in the presence of additional liquid nitrogen and maintained in 191 
trizol (Invitrogen Corp., Carlsbad, CA, USA) at -80ºC. For caruncle or cotyledon tissue 192 
gene expression analysis, a mixed sample of RNA from the three different sections 193 




Total RNA was extracted according to the method of Chomczynski and Sacchi [40]. 196 
Samples were treated with DNAse in the presence of RNAse inhibitors to eliminate 197 
contaminating genomic DNA. Concentrations of RNA were determined 198 
spectrophotometrically, and RNA integrity was checked by denaturing agarose gel 199 
electrophoresis. Complementary DNA (cDNA) was synthesized from 4 µg of total RNA 200 
in the presence of random primers using the High Capacity cDNA Reverse 201 
Transcription kit (Life Technologies, Carlsbad, CA, USA), following the 202 
manufacturer’s recommendations. 203 
 204 
Messenger RNA expressionwas determined by real time RT-PCR for three target genes: 205 
serpin peptidase inhibitor, clade A member 14 (SERPINA14), PAG1, and PAG2. The 206 
genes b-actin (ACTB) and ribosomal protein L19 (RPL19) were used as housekeeping 207 
genes. Sequences of primers for PAG1 and PAG2 were those described by Touzard et 208 
al. [41]. Primers used for ACTB have been published elsewhere [42]. Primers for RPL19 209 
(forward primer: 5’-GATCCGGAAGCTGATCAAAG-3, reverse primer: 5-210 
ATTCGAGCATTGGCAGTACC-3’) and SERPINA14 (Access number NM_174797; 211 
forward primer: 5’- TTTGGAGGCCCTACATCAAG-3, reverse primer: 5- 212 
GACCTCCTTTGCCTTCATTG-3’) were designed with Primer3Plus tool 213 
(www.bioinformatics.nl/primer3plus) and synthesized by Isogen-Life Sciences (Isogen-214 
Life Science B.V., De Meern, The Netherlands). To avoid genomic contamination, all 215 
the primers were designed to span an intron. For each gene, we generated a standard 216 
curve by amplifying serial dilutions of a control cDNA to check for linearity between 217 
initial template concentration and cycle threshold (Ct) values. Amplification were 218 
conducted using the SYBR green method with the ABI PRISMTM 7500 sequence 219 
detector (Applied Biosystem, Foster City, CA, USA) under the conditions specified by 220 
10 
 
the manufacturer: an initial activation and denaturation step of 10 min at 95 °C followed 221 
by 40 cycles consisting of 10 seconds at 95 °C and 1 minute at 60 °C. Polymerase chain 222 
reactions were run using 3 μL of 30- fold diluted cDNA as template in a total volume of 223 
8 μL containing 1× Maxima SYBR Green/ROX qPCR Master Mix (Fermentas Inc., 224 
MD, USA), and 200 nM of forward and reverse primers. Each measurement was carried 225 
out in triplicate and the average used to calculate the relative amount of gene.The 2−ΔΔCt 226 
was used for data normalization and analysis employing as calibrator a pool of RNA 227 
from the tissues used in this study [42].  228 
 229 
2.5. Statistical analyses 230 
 231 
One-way analysis of variance was used to compare relative SERPINA14, PAG1, and 232 
PAG2 expression for maternal (caruncle and intercaruncle) and fetal (cotyledon) sides 233 
of the placenta and among groups (uninfected controls, infected dams with aborted 234 
fetuses, and infected dams with live fetuses). When significant differences were 235 
detected, the Bonferroni test was used to examine all possible pairwise comparisons. 236 
Spearman’s rho (sr) test was used to identify possible relationships between gene 237 
expression levels of SERPINA14, PAG1, and PAG2 and Neospora seropositivity or 238 
plasma PAG-I and PAG-II concentrations before euthanasia in controls and infected 239 
nonaborting animals. All tests were performed using the computer package SPSS 240 
version 17.0 (SPSS Inc., Chicago, IL, USA). Significance was set at P ≤ 0·05.  241 
 242 
3. Results 243 
 244 
3.1. Fetal viability 245 
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Fetal death was recorded in 3 of 6 infected dams: two dams aborted 14 and 21 days after 246 
infection, and a third dam showed a mummified fetus upon euthanasia. Pathologic 247 
findings in these three fetuses are described in Almeria et al. (unpublished data, 2015). 248 
For this study, placentomes were not available or were in a too poor condition for 249 
analysis in the aborted fetuses. 250 
 251 
3.2. Plasma antibody response 252 
Anti-N. caninum antibodies were detected in plasma from all infected dams, whereas 253 
control heifers (n = 4) remained seronegative. N. caninum antibodies were also detected 254 
in serum (two fetuses), allantoic fluid (three fetuses), and amniotic fluid (two fetuses) 255 
collected from the infected dams.  256 
 257 
3.3. Detection of N. caninum DNA 258 
N. caninum DNA was observed in at least one tissue type and in the placentas 259 
(caruncles and/or cotyledons) from all recovered infected fetuses (S. Almería et al, 260 
unpublished data, 2015). All DNA samples from control, uninfected fetuses were 261 
negative.  262 
 263 
3.4. Gene expression for SERPINA14, PAG1, and PAG2 264 
Significantly higher (P = 0.006) expression of SERPINA14 and significantly lower (P < 265 
0.001) expression of PAG1 and PAG2 were observed in intercaruncular tissues when 266 
compared with cotyledon and caruncle samples (Fig.1A–C). Highest expression levels 267 
of PAG1 and PAG2 were observed in the cotyledons compared with caruncular or 268 
intercaruncular tissues (P < 0.01) (Fig. 1B, C). In maternal tissues (caruncle vs. 269 
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intercaruncle), significant differences were observed for the expression of PAG1 (P = 270 
0.013; Fig. 1B) but not PAG2 (Fig. 1C). 271 
 272 
The expression of SERPINA14 in intercaruncular tissues was higher for control 273 
(uninfected) dams as compared with infected animals (P = 0.001; Fig. 2A). Infected 274 
dams carrying a live fetus showed higher PAG1 expression in intercaruncular tissues 275 
compared with that for control or aborting infected dams (P = 0.017). The expression of 276 
PAG2 was higher for infected dams carrying a live fetus compared with that for 277 
aborting infected dams (P = 0.027) but not for control dams (Fig. 2B). No differences 278 
were detected in SERPINA14, PAG1, or PAG2 expression between the caruncles and 279 
cotyledons of nonaborting infected dams versus control dams. 280 
 281 
Neospora seropositivity was negatively correlated with SERPINA14 expression in 282 
intercaruncular (r: -0.786, P = 0.036) and cotyledon samples (r: -0.786, P = 0.036) and 283 
positively correlated with PAG1 expression in intercaruncular tissues (r: 0.821, P = 284 
0.023). 285 
 286 
3.5. Plasma PAG concentrations 287 
Significantly higher plasma PAG-I and PAG-II concentrations were observed in both 288 
control and nonaborting infected dams versus aborting infected animals on euthanasia 289 
(P = 0.001 and P = 0.004, respectively; Fig. 3). 290 
 291 
In controls and nonaborting infected dams, SERPINA14 expression in the cotyledons 292 
was negatively associated with plasma PAG-II concentrations (sr: -0.929, P = 0.003). 293 
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The expression of PAG1 in caruncles was positively associated with plasma PAG-1 294 
concentrations (sr: 0.857, P = 0.014), whereas PAG2 expression in cotyledons was 295 
positively correlated with plasma PAG-I and PAG-II concentrations (sr: 0.857, P = 296 
0.014 and sr: 0.750; P = 0.052, respectively). 297 
 298 
4. Discussion 299 
 300 
In this report, we characterize immune-endocrine responses in bovine neosporosis by 301 
examining the expression of SERPINA14, PAG1 and PAG2 expression at the fetal-302 
maternal interface following experimental N. caninum infection in pregnant dairy 303 
heifers. Our main findings were that: (1) irrespective of infection, intercaruncular, 304 
caruncular, and cotyledonary tissue samples showed different degrees of expression for 305 
SERPINA14, PAG1, and PAG2; (2) N. caninum infection affected the expression of all 306 
three genes in intercaruncular endometrium; (3) SERPINA14 expression in 307 
intercaruncular endometrium was negatively correlated with PAG1 and PAG2 308 
expression levels and negatively correlated with antibody production against N. 309 
caninum; and (4) PAG1 and PAG2 expression were positively correlated with plasma 310 
concentrations of both PAGs and antibody production against N. caninum. 311 
 312 
Greater SERPINA14 expression was observed in intercaruncular tissue than placentome 313 
tissue, in agreement with the findings of other authors [44]. On the contrary, the lowest 314 
expression levels of PAGs were detected in the intercaruncular area, whereas 315 
placentomes showed the highest PAG expression levels, especially in cotyledonary 316 
tissues. The segregation of modern PAGs in cotyledons and of ancient PAGs in the 317 
intercotyledonary chorion suggests their distinct biological functions within placental 318 
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tissues [41]. The differences observed between caruncular and cotyledonary tissues also 319 
indicate good tissue separation in our study. 320 
 321 
The experimental infection with N. caninum on Day 110 of gestation clearly modified 322 
the expression of SERPINA14, PAG1, and PAG2 in intercaruncular tissues. 323 
Unfortunately, we could not obtain intercotyledonary tissue samples in aborted and/or 324 
mummified fetuses. Uterine serpins can inhibit a wide variety of lymphocyte functions 325 
such as mitogen-induced proliferation and natural killer cytotoxicity [45]. The 326 
significantly higher expression of SERPINA14 observed here in the intercaruncular 327 
tissues of control dams point to a role of this molecule in maternal immune modulation 328 
of gestation. However, the dramatically reduced SERPINA14 expression detected in 329 
infected animals, especially in aborting dams, and the negative correlation observed 330 
between SERPINA14 and PAG expression along with antibody production suggest that 331 
N. caninum infection is able to downregulate SERPINA14 expression. One possible 332 
consequence would be to prevent possible antiproliferative actions of the serpin on N. 333 
caninum growth. 334 
 335 
It may also be, however, that reduced SERPINA14 expression during infection 336 
represents a maternal immunologic adjustment to enhance maternal immune responses 337 
against Neospora by reducing local immunosuppression. It may also be that disruption 338 
of pregnancy leads to a reduction in the expression of many pregnancy-associated 339 
uterine proteins. This could be tested by examining the expression of some other P4-340 
induced uterine proteins. The interaction of this molecule with cellular and humoral 341 
immune responses against N. caninum infection remains to be clarified.  342 
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As we anticipated, PAG expression in placentome tissues showed positive correlation 343 
with plasma PAG concentrations in control and nonaborting infected dams. Despite the 344 
low PAG expression observed in intercaruncular tissues compared with the levels 345 
detected in the placentomes, N. caninum infection significantly upregulated PAG 346 
expression in this endometrial area in dams with live fetuses compared to uninfected 347 
controls. As noted for plasma PAG levels, PAG expression in the intercaruncular tissues 348 
of aborting infected dams was practically undetectable, probably because of uterine 349 
tissue damage caused by parasite multiplication. We hypothesize that a strong Th1 350 
immune response after multiplication of N. caninum and reduction in 351 
immunosuppression caused by reduced SERPINA14 expression provokes severe lesions 352 
in the placenta and endometrium causing the death of the fetus. 353 
 354 
As argued by Wallace et al. [46], the accumulation of binucleated trophoblast cells 355 
(cells related to the secretion of the modern [type I] PAGs) in the maternal uterine 356 
stroma would position them to potentially influence lymphocyte or PMN leukocyte 357 
migration and/or activation. Thus, the positive correlation observed between PAG1 358 
expression and N. caninum antibody production could reflect parasite replication in the 359 
endometrium of the nonaborting infected heifers. 360 
 361 
In summary, our findings indicate differential expression of SERPINA14, PAG1, and 362 
PAG2 in intercaruncular and placental tissues. The dramatic decrease in SERPINA14 363 
expression detected in infected dams, particularly in those with aborted fetuses, and the 364 
negative correlation observed between the expression of SERPINA14, PAG1, and PAG2 365 
expression with N. caninum antibody production in infected animals seem to indicate 366 
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that N. caninum infection can directly or indirectly regulate the expression of 367 
SERPINA14 so that uterine immunosuppression is reduced. 368 
 369 
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Figure 1. Relative expression of SERPINA14 (A), PAG1 (B) and PAG2 (C) in the 520 
cotyledons (n=7), caruncle (n=8) and intercaruncular tissues (n=10) of control and 521 
experimenta dairy heifers infected with Neospora caninum on Day 152 of gestation. 522 
Bars represent mean values ± standard error of the mean. *Values for each tissue were 523 












Figure 2. Relative gene expression levels of SERPINA14 (A), and PAG1 and PAG2 (B) 529 
in intercaruncular tissues samples from: heifers experimentally infected with Neospora 530 
caninum on Day 152 of gestation; infected heifers carrying aborted and/or nonviable 531 
fetuses on Day 42 after infection (n = 3); live fetuses (n = 3); and control uninfected 532 
animals (n = 4). Bars represent the mean ± standard error of the mean. *Values for each 533 







Figure 3. Plasma PAG-I and PAG-II concentrations recorded in: heifers infected with 538 
Neospora caninum on Day 42 after infection, infected heifers carrying aborted and/or 539 
nonviable fetuses (n = 3); infected heifers carrying live fetuses (n = 3), and control 540 
uninfected animals (n = 4). Bars represent the mean ± standard error of the mean. 541 
*Values of each variable differing according to the Bonferroni test (P < 0.05). 542 
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